Genomic stability is maintained by the surveillance and repair of DNA damage. Here, we describe a mechanism whereby repair of extrachromosomal DNA double-strand breaks (DSBs) in human cells can be accompanied by capture of genomic DNA fragments. The availability of the human genome sequence enabled us to characterize these inserts in cells from a normal individual and from a patient with ataxia telangiectasia (AT), deficient for the damage response kinase ATM and prone to genomic instability. We find AT cells exhibit insertions of human chromosomal DNA fragments in excess of 17 kb during DSB repair, whereas we detected no such genomic inserts in normal cells. However, the presence of simian virus 40 (SV40), used to transform these cell lines, resulted in capture of genomic DNA associated with sites of viral integration in both cell types. The genomic instability at sites of SV40 integration was exported to other sites of DNA damage, and acquisition of the viral origin of replication resulted in gene amplification through autonomous replication of the plasmid harbouring the repaired extrachromosomal DSB. Should this same phenomenon apply to the repair of chromsomal DSBs, genome rearrangements made possible via this DSB insertional repair pose risks to genomic integrity, and may contribute to tumorigenic progression. Oncogene (2004 Oncogene ( ) 23, 4166-4172. doi:10.1038 
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Keywords: DNA repair; human genome; double-strand break (DSB); amplification; SV40 Of principal importance to cancer research is an understanding of the origins and progression of genomic instability, a hallmark of cancerous cells. Double-strand breaks (DSBs) are a potentially hazardous form of DNA damage in human cells which, if repaired improperly or left unrepaired, can lead to genomic rearrangements or cell death. DSBs can be caused by external damage (such as exposure to certain drugs, or ionizing radiation), but occur both frequently and naturally as a result of oxidative respiration, the activity of endogenous enzymes, and stresses placed upon DNA by normal cellular processes such as replication and transcription (Valerie and Povirk, 2003; Vilenchik and Knudson, 2003) . While DSBs can sometimes be repaired through homologous recombination (HR) using similar template sequences, the most frequent repair pathway in mammalian cells is the ligation of broken ends via nonhomologous end joining (NHEJ) (Lieber et al., 2003) . The processing of double-stranded DNA ends before rejoining is frequent, if not necessary, and often accompanied by small deletions or insertions of several base pairs (Roth and Wilson, 1986; Sargent et al., 1997) .
Studies in plants (Gorbunova and Levy, 1997; Salomon and Puchta, 1998), yeast (Moore and Haber, 1996; Ricchetti et al., 1999; Yu and Gabriel, 1999) , and most recently in rodent cells (Lin and Waldman, 2001a; Allen et al., 2003) have characterized a subset of DSB repair events which result in the capture of fragments of transfected, mitochondrial, and sometimes nuclear (typically repetitive) DNA at the break site. Most of these reports relied on screening of differential PCR products, which limits the size range of detectable inserts. The recent availability of the human genome sequence has provided us the opportunity to devise a simple assay, based on the recircularization of a linear plasmid and reconstitution of lacZ marker gene, to trap and identify fragments of DNA accessible to the DSB repair machinery in living cells (Figure 1 ). To establish if genomic instability has any impact upon the outcome of this DSB insertional repair, we compared the results of our assay from normal human fibroblasts and cells from a patient with ataxia telangiectasia (AT), a disease characterized by genomic instability, chromosome breakage, increased rates of somatic mutation, sensitivity to ionizing radiation, and immune dysfunction (Meyn, 1993; Lobrich et al., 2000; Valerie and Povirk, 2003) .
In agreement with the majority of reports that used cells or cell extracts, we found that AT cells exhibited similar relative DSB repair proficiency, but a signifi-cantly reduced repair fidelity (Po0.001), compared to a normal cell line (Table 1) (Cox et al., 1986; Runger et al., 1992; Powell et al., 1993; Tatsumi-Miyajima et al., 1993; Roscheisen et al., 1994; Dar et al., 1997; Lobrich et al., 2000; Li et al., 2001; Tachibana and Sasaki, 2002) . We observed 4% of the DSBs repaired in normal cells suffered a loss of lacZ, whereas 20% of colonies showed misrepair events in AT cells. We found that both normal and AT cells were capable of employing their endogenous DSB repair machinery to insert single or compound fragments of DNA on the order of kilobases. Previous reports used a similar plasmid reconstitution principle to assay DSB repair, and some had identified increases in size in repair products indicative of insertions, but very few cases could be accurately characterized due to a lack of reference sequence data (Runger et al., 1992; Tatsumi-Miyajima et al., 1993; Dar et al., 1997) . When taking into account the fact that some misrepair events are represented multiple times (the result of autonomous replication, see below), counting each 'unique' event only once reveals a 10-fold difference between the two cell lines in the proportion of inserts per DSB misrepair event (23% in normal versus 2.3% in AT cells). Overall, however, these large insertions occurred at roughly the same frequency of total DSB repair events in both cell types (0.86% in normal, 0.48% in AT cells).
While both cell types displayed the capacity to insert fragments of DNA made available to the damaged site during repair (including transfected DNA), a dramatic difference existed between normal cells, which showed no evidence of insertions of chromosomal DNA (0/31 cases), and AT cells, which were capable of capturing large fragments of genomic DNA (13/33 cases) ( Table 2) . As determined by analyses with the UCSC Genome Browser (http://genome.cse.ucsc.edu) and MAR-Wiz (http://www.futuresoft.org/MAR-Wiz), the chromosomal DSB insertions from AT cells displayed no readily apparent bias for local recombination rate, type, and density of repetitive sequences, or matrix attachment character (Shera et al., 2001) . In four cases, inserts came from known genes: AS2.38, A3B-94, A2-62, and A3C-72. AS2.38 inserted 6 kb of 3q26.31, from within a large intron between exons 2-3 of neuroligin 1 (NLGN1: Locus ID 22871 from http://ncbi.nih.gov). A3C-72 had 16 kb of 3p14.2 from the last intron of fragile histidine triad (FHIT: Locus ID 2272), in the area of the known fragile site FRA3B (Corbin et al., 2002) . A3B-94 had 17 kb of 9q31 encompassing exons 13-17 and 3 0 -flanking sequences of inversin (INVS: Locus ID 27130). And A2-62 had 17.5 kb of CCR4-NOT transcription complex, subunit 2 (CNOT2: Locus ID 4848) from within the first (alternate) intron and spanning exon 1. Thus, we observed that misrepair of DSBs in AT cells, which are known to exhibit genomic instability, enables remarkably large fragments of genomic DNA to be relocated to new loci.
Unexpectedly, another subset of insertions from both cell types revealed the presence of simian virus 40 (SV40) DNA at the repaired break site. Both cell lines used in this study are transformed with SV40, which is frequently used to maintain mammalian cells in culture. Its principal early gene product, large T-antigen, not only activates the viral origin of replication, but also binds and inhibits the host cell's p53 and Rb tumour suppressor proteins, permitting continued cell growth in vitro (Fanning and Knippers, 1992) . The majority of the characterized insertions in normal cells (13/31) were derived exclusively from SV40, most closely matching an episomal variant strain previously isolated from GM00637 (NCBI Accession: AF345344) and harbouring a 323 bp deletion that results in a truncated, but functional, T-antigen (Lednicky and Butel, 1997; Huang et al., 1999) . The only times human genomic DNA was used as an insert in the normal cells were when joined to SV40 sequences closely matching the Rh911 strain (AF316140). These shared recurring junctions between the SV40 DNA and chromosome 12q21.33 (4/31 cases), suggesting that this association existed within the cellular genome as an integration point (Figure 2a ). In Figure 1 Assay for insertions during DNA double-strand break (DSB) repair. Human fibroblast cell lines GM00637 (normal) and GM05849 (AT) (Coriell Cell Repositories) were cultured at 371C and 5% CO 2 in a complete medium (CM), consisting of DMEM/ F12 with L-glutamine (Wisent), 10% FBS, and penstrep. Cells were maintained by passage with fresh medium every 2-3 days and were passed every 24 h for 3 days prior to transfection. Cells were harvested in cold DMEM/F12 to 6.25 Â 10 6 cells/ml, and 800 ml (5 Â 10 6 cells) was mixed with 10 mg linearized plasmid pBluescript SK þ (Stratagene). Blunt digestion was carried out with SmaI (NEB) in the lacZ gene, and plasmid was then dephosphorylated with CIP (NEB), extracted on agarose gel, phenol cleaned, ethanol precipitated, and resuspended in water. Electroporation was performed at 900 mF, 270 V in 0.4 cm cuvette using the GeneZapper 450/2500 (IBI, Kodak). After 72 h, nuclei were harvested and low molecular weight DNA was isolated by Hirt extraction (Hirt, 1967) . DH10B bacteria (Invitrogen) were transformed with 1/20 of the Hirt extract, and plated on LB agar þ ampicillin/X-gal. Plasmids that remain linear transform bacteria poorly, whereas molecules recircularized by the human cells (representing DSB repair events) readily generate bacterial colonies, provided the ampicillin-resistance gene is still intact. Disruption of lacZ results in white colonies, representing imprecise DSB repair (deletion or insertion). All white colonies were screened by alkaline lysis miniprep, restriction enzyme digestion, and run on 1% agarose gel to identify events of insertion greater than B400 bp. Insertions were then sequenced in part or in full, beginning with primers annealing to pBluescript comparison, the only times when SV40 sequences were used in the AT cells, they were always joined to human genomic DNA from chromosome 18q21.31 (4/33 cases) within the WDR7 gene (Locus ID: 23335). These also shared recurring junctions, and matched the SV40 strain Rh911 originally used to generate the cell line (Figure 2b ) (L Toji, Coriell, personal communication). These cases of human/SV40 chimeric insertions were extensively sequenced, and studied by restriction digests, to reveal repeating units (amplification) of chromosome 12 or 18 DNA, some spanning the SV40 origin of replication. The presence of episomal SV40 in the normal cells could potentially have led to competition with other DNAs for DSB capture (Lin and Waldman, 2001b) , resulting in a failure to observe genomic inserts in the normal cells. However, the fact that the other categories of capture events (pBluescript, and SV40 þ genomic DNA) occurred at relatively the same proportions in both cell lines suggests that, if genomic DNA fragments had been present in the normal cell line to the same extent as in the AT cell line, we should have picked them up in our assay.
Some plasmids recovered from both cell lines occurred in multiple copies, suggesting that replication of the repaired DSB substrate had occurred in the human cells themselves, prior to harvesting and transforming the plasmids into bacteria. As the initial input pBluescript is incapable of replication in human cells, the replicative capacity must have been derived from inserted DNA. Sequencing revealed that each replicating plasmid had acquired DNA spanning the SV40 origin of replication during DSB repair. Several were retransfected into cell lines to test for replication competence in the presence or absence of T-antigen expression (Figure 2) . Plasmids able to replicate in HeLa cells (which do not express T-antigen) had inserted intact T-antigen sequences, indicating that some fragments used for DSB insertional repair can also be transcribed from the repaired locus. The plasmid G1B-6 recurred in several transformations, was shown to be replication competent, and underwent further rearrangement (including internal duplications) during repassage in human cells, indicating continued instability at the repair locus.
In order to establish whether a chromosomal integration of SV40 DNA contributed to amplification of the human DNA we detected in our repair inserts, we performed Southern blot and fluorescence in situ hybridization (FISH) on both cell lines with the entire SV40 genome as probe. Owing to the highly repetitive nature of the chromosome 12 sequences detected in the DSB inserts, we could not derive a chromosome 12 region-specific probe for Southern analysis. FISH determination of the genomic SV40 integration site(s) in GM00637 failed due to high background signals, possibly the result of the high levels of extrachromosomal SV40 DNA we detected by slot blot (data not shown) and also reported by others (Maulbecker et al., 1992; Huang et al., 1999 , J Lednicky personal communication). The GM05849 cell line has previously been shown to display a diversity of integration sites of SV40 Table 1 Efficiency, fidelity, and characterization of repair of double-strand breaks (DSBs) in normal (GM00637) and ATM-deficient Each cell line was transfected in triplicate, subjected to Hirt extraction, and each extract used to transform DH10B bacteria at least three times (for a total of 'n' transformations). Some repair products produced multiple colonies, later identified as autonomously replicating, which were counted only once to give 'unique' insertion events Plasmids that underwent repair in normal human cells (A) and AT cells (B) were sequenced. Manual DNA sequencing was performed with the Thermo Sequenase Radiolabelled Terminator Cycle Sequencing Kit (Amersham Biosciences), run on 6% acrylamide gel, and exposed on film (Kodak). Automated DNA sequencing was performed on ABI Prism 3100, 3700, or 3730 XLGenetic analyzers (Applied Biosystems) with the BigDye Terminator Cycle Sequencing Kits v2.0 or 3.0 (Amersham Biosciences). Analyses were performed using BLAST search at NCBI (http://www.ncbi.nih.gov/BLAST) and BLAT search with UCSC Genome Bioinformatics (http:// genome.cse.ucsc.edu) using the July 2003 assembly. 5 0 loss and 3 0 loss indicates number of bases degraded from each side of the SmaI site in pBluescript SK+ before encountering insert sequence. 5 0 and 3 0 overlap indicates homologies shared between two fragments at junction. Multiple junctions are separated by a colon ':' DNA, including amplifications, but no episomal SV40 (Murnane et al., 1985, J Murnane personal communication) . We performed Southern blot analysis on genomic DNA from the GM05849 cell line, as well as on several daughter clones, using a chromosome 18-specific probe derived from one of the inserts. These revealed some clonal rearrangements of integrated SV40 DNA, but consistently showed bands that hybridized with both SV40 and the chromosome 18 probe (data not shown). FISH analysis revealed SV40 integrated into the area of 18q21 in the GM05849 (AT) cell line, with some cells in the population demonstrating an altered chromosome that appeared to be a significant elongation of the 18q chromosome arm harbouring the SV40 sequences.
The integration sites of SV40 in numerous human cell lines have been characterized and reviewed, displaying no apparent preference for any one particular site (Croce, 1977; Kucherlapati et al., 1978; Hwang and Kucherlapati, 1980; Rabin et al., 1984; Hara and Kaji, 1987; Marlhens et al., 1988; Yano et al., 1991; Kao et al., 1993; Shera et al., 2001 ). As such the integration of DNA in human cells, including SV40 integration, is considered essentially a random process (reviewed in Wurtele et al., 2003) . Although it is a well-documented carcinogen in rodent cells, human cells are generally considered nonpermissive for SV40, despite increasing reports of association between SV40 sequences and human cancers equivalent to those observed in infected rodents including glioblastoma, osteosarcoma, and mesothelioma (Mendoza et al., 1998; Stewart et al., 1998; Testa et al., 1998; Jasani et al., 2001; Gazdar et al., 2002; Carbone et al., 2003; Garcea and Imperiale, 2003) . Very recent reports have shown SV40 sequences present in samples from human lymphomas and leukemias (Shivapurkar et al., 2002; Vilchez et al., 2003) , cancers caused by loss or rearrangement of a number of genes in the region of 18q21. The integration of SV40 in 18q21 in the GM05849 cell line, in association with the instability and multiple events of DNA capture of SV40/18q21 fragments during DSB repair, poses an interesting question in this light: can the presence of SV40 DNA at particular loci contribute to tumorigenesis in humans as a result of amplification, Figure 2 DSB insertion events capturing both SV40 and human genomic DNA, and assessment of replication competence conferred to the repair locus. Appearance of multiple colonies suggested autonomous replication of some repair events. Candidate plasmids (4 mg) were each electroporated into the cell line of origin (GM00637 or GM05849), HeLa (T-antigen negative), and COS-7 (T-antigen positive) (2 Â 10 6 cells). HeLa (human cervical epithelial) cells and COS-7 (African green monkey kidney fibroblasts, transformed SV40) were obtained from ATCC (American Type Culture Collection). Hirt extraction was performed after 72 h, phenol cleaned, and one half of each extract was subjected to digestion with DpnI (NEB), and then both fractions were used separately to transform DH10B bacteria (Invitrogen). DpnI cleaves only the bacterially methylated input plasmid, leaving any plasmid replicated in mammalian cells intact and circular, able to transform bacteria efficiently and form colonies. The amplification of inserted DNA (by association with an SV40 origin of replication) that we observe bears resemblance to a situation frequently observed in human tumours -the existence of extrachromosomal amplifications termed double minutes (DMs), and chromosomal amplifications identified as homogeneously staining regions (HSRs). Such gene amplifications are often associated with elevated levels of gene expression, and are believed to initiate via chromosome breakage or deregulated activity of nascent replication origins (Benner et al., 1991; Schwab, 1998; Singer et al., 2000; Popescu, 2003; Zhou et al., 2003) .
Our findings show that human cells are capable of patching extrachromosomal DNA breaks with fragments of episomal or genomic DNA, depending upon the cell's damage response capability. Human cells can also mobilize viral DNA with intact T-antigen and origin sequences, use this to repair extrachromosomal DSBs, and generate replication-competent chimeras of viral and genomic DNA. As this DSB capture process is entirely mediated by the cell's endogenous repair machinery, the possibility that human chromosomal DSBs could also acquire such inserts is compelling. The efficiency of DNA repair appears normal in most cancer cells that have been studied, which has long posed a problem for understanding the hypermutability required for a cell to acquire sufficient genetic changes to become cancerous (Li et al., 2001) . As in the case of AT cells, disruption of damage responses suggests that it is perhaps not the efficiency of DNA repair, but the kind of infidelity of repair that a genetic background permits, that can rapidly change the content and arrangement of a cell's genome.
